Abstract. Nanoscale surface characterization is one of the most significant parts of modern materials development and application. The modern microscopes are expensive and complicated tools, and its use for industrial tasks is limited due to laborious sample preparation, measurement procedures, and low operation speed. The laser modulation interference microscopy method (MIM) for real-time quantitative and qualitative analysis of glass, metals, ceramics, and various coatings has a spatial resolution of 0.1 nm for vertical and up to 100 nm for lateral. It is proposed as an alternative to traditional scanning electron microscopy (SEM) and atomic force microscopy (AFM) methods. It is demonstrated that in the cases of roughness metrology for super smooth (Ra >1 nm) surfaces the application of a laser interference microscopy techniques is more optimal than conventional SEM and AFM. The comparison of semiconductor test structure for lateral dimensions measurements obtained with SEM and AFM and white light interferometer also demonstrates the advantages of MIM technique.
Introduction
Since 2015, a new class of quantitative phase imaging methods was officially approved. This class brings together methods of white light interferometry [1, 2] , phase shift interferometry [3] [4] [5] , digital holographic microscopy [6, 7] , laser interference microscopy [8, 9] , coherent phase microscopy [10] , coherent correlation interferometry [11, 12] , etc.
The main advantage of methods above is an ability to reconstruct the quantitative topological phase relief [13, 14] which combines optical and geometrical properties of an investigated sample. It is also known that some quantitative phase imaging methods demonstrate lateral superresolution up to 100 nm.
In this study was concluded that quantitative phase imaging methods are the worthy alternative to traditional methods of optical, probe and electron microscopy methods, or extra tool for additional samples characterization.
It is also discussed new results of a laser interference microscopy methods application for actual problems of optical industry, microelectronics, and biomedical investigations [8, 9] .
Materials and methods
The MIM-340 laser interference microscope [9] with modified illuminator scheme was used as experimental setup. Calculation of the object phase shifts is made by modified phase steps method: I 0 ðx; yÞ ¼ Aðx; yÞ þ Bðx; yÞcosðFðx; yÞÞ I 1 ðx; yÞ ¼ Aðx; yÞ þ Bðx; yÞcosðFðx; y þ kdÞÞ I 2 ðx; yÞ ¼ Aðx; yÞ þ Bðx; yÞcosðFðx; y þ 2kdÞÞ I 3 ðx; y; tÞ ¼ Aðx; yÞ þ Bðx; yÞcosðFðx; y þ 3kdðtÞÞÞ
where I n (x, y) is the distribution of the intensity of the photosensor field of view, k is wave number, d is displacement of the reference mirror.
The sought value of the difference of phases Ф is to be determined using the following equation:
where I 3 (t 0 ) is the value of the intensity determined by the photosensor exposition time.
With such variant, the error of calculation of the of the phase difference in each point of the image I 0 (x, y)-I 3 (x, y) is reduced with minimal intensity due to the registration of the interferential signal variable component by analog with the above described time intervals method. The standing points (value of the support mirror shift) d and of the law of displacement d(t) of the reference mirror are also chosen to proceed from the minimization of the phases difference determination error.
The Microscope optical system represents a device in which there are realized two optical channels: navigational channel (white light channel) and measuring channel. Both channels give a possibility to use the instrument in two different modes: navigational (search of a microstructure of the material testing sample for study) and the measuring one.
The optical diagram of the Microscope optical system is given in Figure 1 , the optical path of the navigational channel is shown in red lines, the optical path of measuring channel is shown in green lines.
The navigational channel represents the far-field optical microscope on reflected light is used to search the region of interest and to document the survey frame. The radiation source is a LED 2 that illuminates the object through the beam splitter 3. The object image via the tube lens 4 is projected to the digital camera 11 then it comes to the PC. The measuring channel is intended to study the micro-object relief and to get the image with nanoscale resolution; it represents the micro-interferometer according to the Linnik scheme with phase modulator 10 in the reference arm. The semiconductor laser 1 with wavelength 405 nm is used as a coherent light source. The collimated laser beam 1 is divided by the beam splitter 3 into two beams. One of the beams (objective) is focused by the micro objective 13 of the objective arm 7 on the test object 8 and after reflection from the object. It passes the light splitter 3 and projecting system, consisting of the tube lens 4 and projective 6, comes to the photosensor of the digital camera 12. The reference beam is focused by the micro objective of support arm 9 on the mirror of phase modulator 10 that effects the linear-periodical modulation of the optical difference, and after reflection from the mirror of the phase modulator 10 also comes to the photosensor of the digital camera 12, then comes to the PC. The specially developed software realizes automatized processing of interferograms and displays of investigation results on the PC monitors in the form of three-dimensional and two-dimensional profiles of the object, graphics, and histograms. The selection of the mode of the Microscope optical system operation (navigational or measuring) is made with the help of the deflecting mirror 5 controlled by the user from the PC.
The MIM-340 modified illuminator optical diagram is presented in Figure 2 . The modified illuminator is used to reduce coherent noises in MIM imaging optics. It is known that coherent noises cause an additional parasitic relief of 10-15 nm; it is not sufficient for profile measurement of 100 nm and higher. But this relief is unacceptable for super smooth surfaces roughness measurements [12] . The modified illuminator allows to minimize coherent noises level up to <1 nm level.
Discussion of results
Super smooth surfaces roughness measurement is one of the actual problems of optical industry and microelectronics [15, 16] . The roughness of laser mirror surface determines directly the laser beam scattering which leads to energy losses in a resonator. Modern laser mirrors for UV and visible lasers have roughness Ra >1 nm, and to measure such small roughness values, the specific microscopy methods are necessary [17] .
The traditional atomic force microscopy (AFM) is the widely applicable tool or such measurements, but there are some difficulties in metrology, for example, in low repeatability of laser mirrors dielectric coating Ra measurements. The problem is in atomic level interactions of charged cantilever tip with relatively soft nanoscale surface even in non-contact modes [18] . This interaction causes the trace-retrace difference of single scan and low repeatability of measurements.
The second tool which engineers used for this task is white light interferometry [2] . The traditional optical profilometry is free of cantilever interaction problem, but the metrology is also unstable due to low lateral resolution. It means that all relief inside single diffraction limited point spread function PSF (350 nm for the 100Â/0.85 objective lens) is averaged. One more averaging was done for up to 5 nm spectral line width and microscope selfnoises compensation. Finally, the results of such measurements are quite acceptable, but the uncertainty level for Ra = 1 nm is 0.3-0.5 nm make this measurement too rough for scattering losses estimations.
In this case application of super-resolution [19] , quantitative phase imaging methods are more promising due to high lateral resolution, operating speed and absent of any mechanical electrical or magnetic interactions with measured surface [11, 14] .
The comparison of laser mirror substrate and dielectric laser mirror roughness measurements using AFM (Veeco Dimensions 5), white light interferometer (WLI) (Zygo Newview 5000), and modified MIM-340 is demonstrated in Table 1 . For all measurements the same mirror and substrate were used, scan size for AFM is 20 Â 20 mm, field of view for WLI was 250 Â 250 mm for the 50Â/0.6 lens with ROI of 20 Â 20 mm, field of view for MIM was 20 Â 18 mm for the 50Â/0.8 lens.
The difference in roughness could be explained by the fact that multilayer refractive coating makes the surface smoother, especially in nanoscale roughness range [20] . The uncertainty values difference for WLI and MIM caused by reflection ratio difference of substrate (<1% reflection) and mirror (∼10% for l = 532 nm). The substrate of crystalline glass-ceramic material (sitall) and mirror for 633 nm spectral range have been used for this experiment [21] .
Linear dimensions measurements for microelectronics samples is also the actual task in the semiconductor industry [22] [23] [24] [25] . The essence of this problem consists in requirements of lateral dimensions measurements uncertainty of 3s < 50 nm, according to so-called semi-standards for analog microelectronics. It could be easily achieved in laboratories with AFM and SEM but industrial application AFM and SEM as the in-line tool is limited due to high cost and of low operating speed measurements. That is why optical measurement tools seem more promising for the inline metrology; the traditional WLI methods meet the requirements of low cost and high operating speed it also widely uses for vertical dimensions measurements and provides <1 nm uncertainty [26, 27] . Table 2 demonstrates the results of lateral dimensions measurements experiment. The test sample which consists of different (from 1.0 to 3.0 mm) width stripes was prepared to estimate the uncertainty of lateral dimensions measurements for AFM, SEM, WLI, and MIM.
The SEM (JSM-IT100 InTouchScop), AFM (Veeco Dimensions 5), WLI (Zygo Newview 5000), and modified MIM-340 were used for experiments [9] . For all measurements same sample and structure were used, scan size for AFM was 20 Â 20 mm, field of view for WLI is 250 Â 250 mm for the 50Â/0.6 lens, field of view for MIM was 20 Â 18 mm for the 50Â/0.8 lens.
The uncertainty for this experiment was estimated as composition of random standard uncertainty and systematic standard uncertainty.
The random standard uncertainty is characterized by RMS of stripe width x i , using the following equation:
where x is the RMS of measurement results, n is its number. The systematic standard uncertainty u is characterized by measurement device and estimated with the following equation:
where u is the confidence limit of systematic standard uncertainty, u i are the limits of i systematic standard uncertainty, K is the coefficient, K = 1.1 for P = 0.95. The confidence limits of systematic standard uncertainty for measurement devices estimated with the following equation:
where t is Student's coefficient [28] t = 2, 1 for n = 20 measurements. SðxÞ is the uncertainty of test-structure estimated with SEM. The composition of random standard uncertainty and systematic standard uncertainty is calculated with the following equation: 
The RMS of the measurements results is calculated as:
The comparison of stripes width measured values and uncertainties reveal the advantages of SEM and AFM methods as multipurpose tools. WLI lateral dimensions measurements demonstrate nonacceptable uncertainty of 40-50% due to the low numeric aperture (NA) of interferometric objectives [29] .
Conclusion
The super smooth surfaces roughness measurements and micro-and nanostructure linear dimensions measurements are the two main tasks in optical and microelectronic industries. Is shown that more than 90% of such experiments, could be carried out in laboratories using traditional AFM and SEM methods, but industrial tasks make these methods nonacceptable due to high cost and low operating speed. That is why optical measurement tools seem more promising for the in-line metrology. The traditional WLI methods meet the requirements of relatively cheap and high operating speed; it also widely uses for vertical dimensions as well as roughness measurements and provides <1 nm uncertainty, but for lateral dimensions measurements it demonstrate nonacceptable uncertainty of 40-50% due to the low NA of interferometric objectives.
The MIM microscopes are proposed as alternative to WLI methods. MIM technology demonstrates the combination of optical, software and design solutions to achieve high (up to 100 nm lateral resolution and up to 3 fps operating speed) that makes this prospective technique tool for specific tasks in optical and microelectronic industries.
